By EAS and ESR spectroscopy, oxygenated complexes of d-metals have been established in high-temperature melts N a P 0 3-C r 20 3-0 2 and N a P 0 3-C 0 0 -0 2 and others of the type M (P 0 3)J(.0 2, where M is Cr, Co, V, and their structure has been established. The ' "O/'^O exchange reaction in the N a P 0 3-V 20 5-0 2 melt has been studied by mass spectrometry both in the presence of the oxidized substrate and in its absence. A general approach has been proposed explaining the interaction between polyphosphate complexes of 3d-metal ions and molecular oxygen and the oxidation ability of the oxygenated complexes in terms of the MO theory. It has been established three types of interaction between 3d-metal ions and molecular oxygen: donor, acceptor and donor-acceptor ones. Oxygenated complexes of the ions of the midle of the 3d-elem ent series (d4-d 7) were found to possess the revealed "par tial" oxidation ability towards alkanes.
Introduction
The processes of partial oxidation of m ethane in order to obtain for example either formaldehyde or methanol have not been solved until now both experimentally and at the industrial scale. In the previous papers [1 , 2 ] we reported that the m eth ane oxidation was to be effective in a m olten cata lyst. These systems have to be multidimensional structures capable to change their acid-base properties over a wide range as well as the energy of binding oxygen atoms to the catalyst.
We performed the mild oxidation of m ethane in molten alkali metal phosphates with various d-metals and reached a high degree of its conver sion into formaldehyde and m ethanol [1 , 2 ] , The aim of this work was to check the influence of the composition of these melts, particularly d-metal ions, on their reactive and catalytic properties using electron absorption spectra (EAS), electron spin reasonance (ESR), mass spectrometry and others. Molten sodium m eta phosphate containing vanadium, chromium and cobalt ions was taken as a model system. * Reprint requests to Dr. V. A. Bandur.
Experimental Part
Electron absorption spectra (EAS) and ESR spectra in the molten and glassy phosphate systems:
N a P 0 3 -M e x0y, N a P 0 3 -M e v0 >,-gas (M e-V , Cr, Co; g as-0 2, CH4, N2, He) were re corded at Specord UV-VIS and Re-1306 spectro photom eters, equipped for high-tem perature measurements. The measurements were carried out in quartz cuvettes (1=5 mm) at a concen tration of 3 d-metal ions of 0.01 to 0.2 mol/1. Tem perature was registered with the P t-P t(R h ) therm ocouple at a KVP-1 potentiometer. Homogenization and drying was carried out at 950-1000 °C. Mass spectrometric measurements of the 180 / 160 isotope ratio were conducted at a MI-120113 device with two-chanel input system, providing alternate introduction of the standart sample and analyzed one. All the reactants uzed were of chemical purity grade.
Results and Discussion
By using electron absorption spectra we studied the structure of N a P 0 3 melts with V20 5, Na2C r 0 4, Cr20 3, Co20 3 and CoO over a wide range of tem perature including the melt-solid phase transition. As it followed from EAS data reduction of metal ions in their lower oxidation states occurred: Cr(VI) to C r(III), V(V) to V(IV) and V (III) when CO was induced; Co(III) to Co(II) which was accompanied by the evolution of a definite amount of oxygen. After being cooled rapidly the samples of melts were investigated by ESR which showed the presence of the lower oxi dation states for all the ions. From the analysis of EAS and ESR data and on the basis of ligand fild theory we established the geometrical and electronic structure of the obtained complexes of V(IV, III), C r(III) and Co(II).
The complexes of V(IV) in the melt of sodium m etaphosphate have two maxima in EAS 10400 cm-1 (B2g-> A lg transition) and 13500 cm" 1 (B2g -> B lg transition) (Fig. 1) , which accounts for the formation of tetrahedrally distorted octahedra possessing D4h symmetry. EAS of coordi nation compounds of V(III) indicates the forma- tion of quasi-octahedral polyhedra of O h sym metry, bands at 13400 cm -1 (3T lg(F) -> 3T 2g(F) transition) and 21700 cm -1 (3T lg(F) -» 3A le(G), 3T lg(P)), see Fig. 1 B. The effect of the decrease of tem perature from 650 to 20 °C on the structure of V(IV, III) polyhedron is the shift of the EAS maxima to the short wave region with simul taneous decrease of the molar extinction co efficients (E) which is a peculiar feature of centrosymmetric particles. This is due to the reversibility of the process polymerization = depolymerization of N a P 0 3 and a decrease in covalency of the bond V -O ..., caused by the electron redistribution / along the chain V(IV, I I I ) -( O -P -O ) [3] .
As the EAS of N a P 0 3 with Na2C r 0 4 and Cr20 3 melts were identical we established the formation of the octahedrally coordinated C r(III) polyhedra attached to purely ligand chains ( P 0 3)". Their maxima are assigned as: 14000 Fig. 2 . The spectroscopy param eters for octahedrally distorted Cr(III) po lyhedra in the molten and solid states, respectively, are: 10 Dq = 14000 and 15000 cm -1; B = 778 and 710 cm -1; ß = 0.75 and 0.69, which corresponds to the param eters describing octahedrally coordi nated complexes of Cr(III) [4] . The changes of EAS for Cr(III) complexes in the N a P 0 3 melt when the tem perature drops from 650 to 20 °C are similar to these of V(IV, III) polyhedra. The polyhedra of Co(II) in the N a P 0 3 melt have EAS maxima attributed to the following transitions: 3850 cm Fig. 3 ) evidence the formation of almost tetrahedrally coordinated Co(II). The values of spectroscopy param eters are: 10 Dq = 3850 cm "1; B = 790 cm " 1; ß = 0.81 [5] , The EAS of m olten samples are identical to those of solids produced by rapid cooling of the melt. This means that the coordination of C o(II) in the melt is the same as that in the tem pered glass. While cooling the melt continuously we observed the reduction of the above maxima and the ap pearance of the new one at 19000 cm "1. This is due to the change of the C o(II) portion of tetra hedrally coordinated polyhedron and its trans formation into an octahedrally coordinated one, which is typical of the solid state.
In order to understand which particles were re sponsible for the methane oxidation in melts we studied spectroscopically the reactions between different gases (CH4, 0 2, air, N2, He) with the pure N a P 0 3 melt and that containing d-metal ions like Cr(III), Co(II). The EAS of the N a P 0 3 melt showed the absorption maximum in the near-UV region (45000 cm -1) which could be attributed to the intermolecular transition of P O j n -jr* mainly 4 . Electron absorption spectra. 1 -N a P 0 3 melt at 650 °C; 2 -the same after gassing off residual oxygen by blowing helium (3600 s); 3, 4, 5, 6 -the same after blowing atmospheric oxygen through the melt for 5; 15; 1800 and 5400 s, respectively; 7, 8, 9 -the same after gassing off oxygen by blowing helium for 300; 900 and 3600 s, respectively. from the oxygen atoms to phosphorus [6 , 7] . At the edge of this maximum we found a shoulder near 40000 cm "1, which is attributed to the oxygen dissolved in the melt (Fig. 4) . A t high concen tration of oxygen dissolved a broadening of ab sorption zone up to 30000 cm -1 was observed in EA spectra, which is cased by variety of chain, cyclic and other polyphosphate forms giving the ( P 0 3 )JC0 2 type groups in the melt [8 ] ,
The reaction of the above gases with N a P 0 3 melts containing d-metal ions was studied in modelling systems on Co(II) and Cr(III) ions. A d dition of CoO to N a P 0 3 melt lead to the shift of the maximum to 42000 cm -1; at the same time we noted the disappearance of the shoulder at 40000 cm "1. The additional bubbling of oxygen through this melt leads to the shift at 30000 cm " 1 (as we found in the case of N a P 0 3) and increasing the intensity of d -d maximum (f from 40 to 61) of the cobalt polyphosphate polyhedron (Fig. 5) . The similar phenom enon was discovered with the N a P 0 3 -C r 20 3 system while bubbling oxygen through this melt: the intensity of the d -d maxi mum for the corresponding Cr(III) polyhedron in creased (as it was found for the N a P 0 3-C o O system) and also splitted (Fig. 6 ). All these data proved the formation of mixed ligand co-si'plexes for Co(II) and Cr(III) attached to 0 2 molecules in the coordination sphere of metal ions. Bubbling v -10"3, cm' Fig. 5 . Electron absorption spectra. 1 -NaPO-? melt at 650 °C; 2 -the same after blowing oxygen through the melt for 3600 s; 3 -the melt of N a P 0 3 + 0,022 mol/1 CoO at 650 °C; 4 -the same after blowing atmospheric oxygen through the melt for 5400 s.
v -10'3, cm'1 Fig. 6 . Electron absorption spectra at 650 °C. 1 -N a P 0 3 melt; 2 -the same after blowing atmospheric oxygen through the melt for 3600 s; 3 -N a P 0 3 + 0.012 mol/1 Cr70 3 melt; 4 -the same after blowing oxygen for 3600 s. the inert gas through these melts resulted in the shift of the absorption maximum in the UV region but only up to 40000 cm -1. Just using m ethane for this purpose gave the maximum at 44000 cm -1, which perfectly proved the presence of oxygen co ordinated in the complexes NaP0 3 -C 0 0 -0 2 and N a P 0 3 -C r 20 3 -0 2. Probably, the ability of 3d-metal ions in their low oxidation states to produce oxygenated complexes in aqueous and non-aqueous solutions could also be realized in melts at high tem peratures. That is the unknown fact until now.
Most of the known oxygenized complexes of 3 dmetals have the structure of a distorted octa hedron with the coordination of two bidentately coordinated ligands and two m onodentately coor dinated ones, including one 0 2 molecule (C4v sym metry). In this case, d-orbitals undergo splitting into t2g -> e(dxz,d yz), b2(d ,v) and eg -> a^d^), b 1 (dz2_> )2) in the field of ligands of this symmetry If ljr*-, 1jtu-and 3 a g-molecular orbitals (M O) are considered as responsible for bonding with the central metal atom, then for complexes involving both the donor and dative interaction a simplified scheme of interaction of their orbitals can be represented as it is shown in Fig. 7 . It follows from this scheme that for some ions of d-transition metals of the first part of the (d '-d 3) series for donor interaction between the 1 jtu-, 3 a g-MO of oxygen and the e(xz, y z ) and a \(z 2) d orbitals of the central ion should play a great role (Fig. 7 ,1 ). As d electrons appear at the a^z 2) and b^x 1-^2) orbitals of ions of (d4 -d 10) metals, an additional opportunity arises for both the acceptor inter action between these orbitals and the half-filled and the dative transfer of electron density to the latter (Fig. 7, II) , which is wellknown for oxygenized complexes of metals [9] , In turn, for d-metals of the end of the (d8 -d 10) series the donor interaction between the occupied 0 2 l^ru-> 3 a g-MO and newly occupied e(xz, y z ) and b2(xy) d orbitals of metal ions could not be realized (Fig. 7, III) .
The same situation occurs for complex ions of d7 electron configuration in tetrahedral symmetry to the inverted order of e and t2 levels.
Thus, it is quite obvious that a maximum inter action between molecular oxygen and complex ions of 3d metals takes place for the metals of the middle of the (d4 -d 7) series. Since the donor transfer of electron density from the occupied bonding 1jtu-, 3 a g-MO to d orbitals of the metal complex and the acceptor transfer of electron den sity from the d occupied a! and b] orbitals of metal ions to antibonding half-filled 0 2 1 7r |-M O result is the same, i.e. the 0 -0 bond weakening, then oxygenized complexes of ions of the middle of the 3d element series should have a peculiar oxidizing ability as well.
To understand the mechanism of m ethane oxi dation we studied the reaction of oxygen and oxygen-methane mixture with a model N a P 0 3 -V 20 5 melt using mass spectrometry [1 0 ].
Almost in all known cases the order of the reac tion of oxygen exchange on oxide type catalysts at high tem peratures was about 0.5. In our experi ment the order of the reaction was a little greater than 0.5, which might be connected with the fact that the limiting stage of this exchange only de pends on the molecular oxygen. The reason for that is that the formation of an oxygenated com plex and the dissociation of the oxygen molecules is considered to be always quick enough as far as the transition of atoms into ions of the lattice. Hence, while bubbling the methane-oxygen mix ture through the N a P 0 3 -V 20 5 melt the oxygen from air bound in oxygenated complex of V(IV) reacts directly with m ethane molecules. A t this stage of oxidation the mechanism of formation of oxygenated V(IV) complexes prevails, and oxygen from air attached to this complex oxidizes m eth ane [1 0 ].
Hence, when we bubble the m ethane-air mix ture through N a P 0 3 melt containing d-metal ions oxygen reversibly dissolved in the melt oxidizes methane as well as the oxygen coordinated in the oxygenated metal complex. Each of them makes its contribution in the oxidation process: the rever sibly dissolved molecular oxygen is in charge of the initial complete oxidation of m ethane whereas the oxygen coordinated in the oxygenated metal complex oxidizes m ethane carefully and partially during the whole time.
